In this work, we assess the accuracy of dielectric-dependent hybrid density functionals and manybody perturbation theory methods for the calculation of electron affinities of small water clusters, including hydrogen-bonded water dimer and water hexamer isomers. We show that many-body perturbation theory in the G0W0 approximation starting with the dielectric-dependent hybrid functionals predicts electron affinities of clusters within 0.1 eV of the coupled-cluster results with single, double, and perturbative triple excitations.
The calculation of electron affinities of aqueous systems is a difficult task, due to the high level of theory required to describe the electronic properties of anions and the need to achieve a tight convergence as a function of numerical parameters. Here we focus on the water dimer and hexamer and we present results for their electron affinity computed using density functional theory (DFT), many body perturbation theory (G 0 W 0 ) and the CCSD(T) method. The purpose of our work is to establish the accuracy of many-body perturbation theory calculations, starting from dielectric-dependent hybrid and semi-local density functionals.
Density functional calculations were carried out using the quantum espresso code 1 with a plane-wave cutoff of 85 Ry and Hamann-Schlüter-Chiang-Vanderbilt (HSCV) pseudopotentials; 2,3 many-body perturbation theory calculations in the G 0 W 0 approximation were performed with the west code.
4 All calculations were performed in unit cells with size of 21.17Å (40 a.u.); our computed energies varied by less than 0.01 eV when the cell size was increased to 31.75Å (60 a.u.). In order to correct for spurious interactions between periodic images in plane-wave calculations, total energies and eigenvalues were computed using the Makov-Payne correction.
5 Using Martyna-Tuckerman long-range interaction corrections 6 instead of the Makov-Payne scheme did not change our results in any noticeable way. We checked that the electron affinities were converged with respect to the energy cutoff within 0.001 and 0.005 eV when computed as total energy differences or lowest unoccupied molecular orbital (LUMO) energy, respectively.
Quasiparticle energies were computed using the west code. We tested the convergence of G 0 W 0 quasiparticle LUMO energies with respect to the number of eigenpotentials N PDEP , and extrapolated our results to the infinite eigenpotential limit. 7 Prior to this analysis, we verified that the quasiparticle energies were converged within 0.01 eV in the unit cell with the size of 21.17Å, at the maximum number of eigenpotentials employed in this work (512). We then computed quasiparticle energies of the lowest unoccupied state using G 0 W 0 /PBE at several N PDEP values, and fit the results to the function a + b/N PDEP , where b represents the G 0 W 0 energy in the limit N PDEP → ∞. The results denoted by "∞" in Table I indicate the extrapolated quasiparticle energies for the LUMO energy. All G 0 W 0 calculations were performed with 256 eigenpotentials and corrected by the difference between the energies obtained at ∞ and N PDEP = 256 (−0.03 eV for the dimer and −0.15 eV for the hexamer). All the G 0 W 0 values reported in this work include these corrections.
The reference method chosen for benchmarking our results is the coupled cluster with singles, doubles, and perturbative correction for triples [CCSD(T)]. Coupled cluster calculations were performed using the gaussian 09 program 9 with tight convergence criteria for both the Hartree-Fock and CCSD iterative procedures. The accuracy of two-electron integrals was set to the 10 −16 threshold (Acc2E=16 keyword) to improve convergence when using very diffuse basis sets. In all cases, we performed stability calculations on converged Hartree-Fock wavefunctions to ensure the algorithm determined a minimum of the total energy and not a saddle point.
When computing electron affinities as differences of the total energies of the anion and neutral species, the size of the basis set, particularly the inclusion of diffuse basis functions with low exponents, plays a crucial role. This is especially important for water, since an extra electron is significantly delocalized, and the electron affinity is close to zero. We tested the completeness of the basis set using a hydrogen-bonded water dimer. We employed augmented Dunning basis sets with two (DZ) and three (TZ) sets of polarization functions, and variable number of added diffuse shells ranging between 1 and 6. The doubly-, triply-, and quadruply-augmented basis sets were described in the literature; 10 we constructed basis sets with 5 and 6 sets of diffuse functions following the recipe of Ref. 10 . The 6-aug-cc-pVDZ and q-aug-ccpVTZ basis sets employed in this work are listed in the Appendices B and C in the format suitable for the gaussian code; basis sets with fewer diffuse functions can be obtained by sequentially removing one or more sets of outer diffuse basis functions of each type.
We start by discussing the water dimer. Comparing our DFT and G 0 W 0 results to the reference CCSD(T) data requires comparison of the results obtained with plane waves (PW) to those obtained with localized Gaussian-type orbitals (GTO). In order to do so, we first compared the electron affinities computed with the PBE and PBE0 functionals and plane-wave basis set with the quantum espresso code, with those computed with the gaussian 09 code. The results, reported in Table II, show that the ∆SCF values are not particularly sensitive to the number of polarization functions but are very sensitive to the number of diffuse functions. Namely, values computed in d-aug-cc-pVDZ and d-aug-cc-pVTZ basis sets are within 0.01-0.02 eV of each other. On the other hand, it takes about 5 sets of diffuse functions added to both double-zeta and triple-zeta basis sets to converge the differences of total energies within 0.01 eV. Plane-wave basis set with the cutoff of 85 Ry provides an almost complete basis-set limit for the electron affinities, as shown by the comparison of the results obtained using the largest GTO and PW basis sets. This implies that (i) the protocol for computing the total energies for water clusters in plane waves, including the finitesize correction of Makov-Payne, 5 is reliable for the systems studied here; and (ii) the basis sets chosen here will provide accurate representation of the anions for benchmarking our DFT and GW methods against the coupled-TABLE IV. Convergence of CCSD(T) electron affinities for a series of hexamers with respect to the basis set size. All values were computed as differences of the total energies E neutral − Eanion and are reported in eV. The geometries of the water hexamers are shown in Figure 1 and cluster method. We first checked the convergence of the CCSD(T) calculations with respect to the basis set size for the water dimer. Our results, reported in the last column of Table II, confirmed that quadruply-augmented basis sets provide essentially converged CCSD(T) electron affinity. Even for triply-augmented basis sets, the error in ∆SCF values is just 0.01 eV. We compared our results to those of Kim et al.,
14 who used TZ(2df ,2pd)+(3s3p,3s) basis set at the CCSD(T) level of theory and obtained EA = 0.0044 eV. The TZ(2df ,2pd)+(3s3p,3s) basis is essentially the same as the cc-pVTZ basis augmented with 3 sets of diffuse s and p functions for oxygen, and 3 sets of diffuse s functions for hydrogen. Their basis set should be comparable to, but slightly smaller than the q-aug-ccpVTZ basis used here, explaining the similarity of the value 0.0044 eV obtained in Ref. 14 and our value of 0.0046 eV obtained using the q-aug-cc-pVTZ basis set. Overall, we consider the value of 0.0051 eV as an accurate CCSD(T) reference value for the electron affinity of the dimer, which will be used for comparison with our DFT and MBPT results. Figure 2 summarizes deviations of all these quantities from the CCSD(T) value. As expected, the largest errors are found for the DFT LUMO values, due to the fact that generalized-gradient approximations such as PBE lack piecewise linearity of the total energy with respect to the number of electrons N , leading to an inaccurate approximation of the vertical electron affinity by the LUMO energy.
18 ∆SCF calculations yield improved results, as total energies are piecewise linear with respect to N by construction, and their accuracy is limited only by the accuracy of a given functional. Electron affinities from G 0 W 0 calculations are less accurate than ∆SCF results for PBE and PBE0 approximations but are equally or more accurate than DFT results for RSH functional with different fractions of the exact exchange. This is likely because the dielectric-constant-dependent functionals have lower self-interaction error than the PBE and PBE0 functionals, and thus provide a more realistic starting point for G 0 W 0 corrections. We note that DFT approximations consistently overestimate the electron affinity of the dimer compared to the CCSD(T) value, while G 0 W 0 yields the wrong sign for RSH (0.565) and a slight overestimate for RSH (1.0). Overall, deviation of the G 0 W 0 /RSH values from the CCSD(T) reference for the water dimer is less than 0.1 eV, irrespective of the sign.
In addition to the dimer, we computed the electron affinities of larger water hexamers shown in Figure 1 . Following the convergence study reported in Table II , we computed CCSD(T) electron affinities using the q-augcc-pVDZ basis set, which turned out to be converged within 0.02 eV with respect to the number of diffuse functions (see Table IV ). The results of our analysis for water hexamers are reported in Table V and Figure 3 , showing trends similar to the dimer for the relative accuracy of various approximations. We found again that G 0 W 0 /RSH protocol is the most accurate, with an average deviation of the electron affinities from the CCSD(T) results of only 0.01 eV for RSH (0.565) and of 0.11 eV for RSH (1.0). Overall, we showed that many-body perturbation theory calculations coupled with dielectricconstant-dependent functional RSH predicts the electron affinities of water clusters within 0.1 eV from the golden standard of quantum chemistry, CCSD(T).
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